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Abstract
Multi-layer graphene sheets have been synthesized by a time-efficient microwave
autoclave method and used to form composites in situ with single-walled carbon
nanotubes. The application of these composites as flexible free-standing film
electrodes was then investigated. According to the transmission electron microscopy
and X-ray diffraction characterizations, the average d-spacing of the graphene-singlewalled carbon nanotube composites was 0.41 nm, which was obviously larger than
that of the as-prepared pure graphene (0.36 nm). The reversible Li-cycling properties
of the free-standing films have been evaluated by galvanostatic discharge-charge
cycling and electrochemical impedance spectroscopy. Results showed that the freestanding composite film with 70 wt% graphene exhibited the lowest charge transfer
resistance and the highest charge capacity of about 303 mAh g-1 after 50 cycles,
without any noticeable fading.

Keywords: multi-layer graphene sheet, single-walled carbon nanotube, microwave
autoclave method, flexible free-standing film, lithium-ion battery anodes
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1. Introduction
Recently, ﬂexible/bendable electronic equipment, such as roll-up displays and
wearable devices, has attracted more and more attention. The development of such
devices implies higher requirements on their battery systems, in which flexibility of
the electrodes is essential to enable their bendable features [ 1- 3]. Typically, the
conventional lithium-ion batteries (LIBs) have electrodes containing metal substrates,
which are coated with a mixture of an active material, an electrical conductor, a
binder, and a solvent [ 4,5]. This type of electrode is not suitable for flexible or
bendable batteries because the active material layer will be cracked or peeled off from
the substrate during the repeated bending. Therefore, the development of flexible freestanding electrode materials is crucial for bendable and wearable batteries. Previously,
our group has reported the use of single-walled carbon nanotubes (SWCNTs) to form
free-standing electrodes for LIBs [6,7]. It was found that the SWCNTs could be a
promising candidate due to their one-dimensional structure with a high length-todiameter ratio. This type of electrode is lightweight, flexible, and can be fabricated
easily without using a metal substrate or binder. The conductivity of the SWCNT
free-standing electrode is not as good as for the conventional ones, however, due to
the absence of the substrate and binder. In addition, CNT based electrodes also feature
relatively low energy density owing to the limitations of double-layer charge storage,
which confines charge and energy storage to only the surface of the active materials
[8]. These drawbacks have seriously limited their industrial application.

Graphene has outstanding properties, such as nontoxicity, chemical and thermal
tolerance, electrical conductivity, and mechanical hardness. Such properties suggest a
wide range of industrial applications, including adsorbents, catalyst supports, thermal
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transport media, structural and electronic components, batteries/capacitors, and even
applications in biotechnology [ 9 - 14 ]. Based on this idea, hybrid structures
constructed by placing SWCNTs among graphene planes through covalent C-C
bonding were reported to overcome the above-mentioned problems for CNTs [1518]. Wang et al. reported using graphene film directly as a free-standing electrode for
lithium-ion batteries [19]. After only the initial cycle, however, the capacity dropped
down to 100 mAh g-1 (current density: 50 mA g-1). The poor Li cycling property is
mainly owing to the restacking of graphene layers during the fabrication process,
which indicates that the arrangement of the layered structure for stacks of graphene
sheets is closely related to their electrochemical performance. Recently, Fan’s group
reported a three-dimensional composite powder material that consists of CNTs and
graphene sheets [20]. The unique sandwich structure of this composite endows it with
high-rate transportation of electrolyte ions and electrons throughout the electrode
matrix and therefore increases the material’s conductivity. Based on this idea, we
designed and fabricated free-standing graphene–carbon-nanotube anodes for bendable
Li-ion batteries. Embedding graphene with SWCNTs through a lamination process to
prepare the free-standing electrode has the following advantages: 1) the sandwich
structure of the graphene–carbon-nanotube composite will prevent the graphene
sheets from being restacked during the electrode fabrication process [ 21]; 2) the
layered graphene sheets that are integrated into the composite will form a conductive
matrix, so that the film’s conductivity will be improved [20].

The free-standing composite electrodes of graphene-carbon nanotube were fabricated
using as-prepared graphene, which was synthesized by using a time-efficient
microwave autoclave method. The effects of the reaction temperature on the graphene
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characteristics were explored to help us to select the optimum graphene precursor for
making the free-standing graphene-carbon nanotube electrodes. In order to investigate
the graphene properties in the composite film, the graphene weight ratio was also
varied for comparison.

2. Experimental
2.1 Synthesis: The multi-layer graphene sheets were prepared by using a microwave
autoclave method. Graphite oxide (GO) was synthesized from natural graphite
powder (Fluka) by a modified Hummers method, as reported elsewhere [22,23]. 60
mg of the as-prepared GO was added into 200 mL 0.02 M HCl solution, followed by
2 hours ultrasonication to make a homogeneous suspension. 150 mg NaOH and 3 mL
H4N2•H2O were then added to the solution, followed by 10 min stirring. The solution
was then transferred into sealed Teflon vessels (25 mL each) and reacted at different
temperatures (120 ºC, 150 ºC, and 180 ºC) for 5 min using a Milestone Microsynth
Microwave Labstation (Germany). In an alkaline medium, hydrazine hydrate can
serve as a reducer, and therefore, the GO was reduced to multi-layer graphene sheets
(MLG) during this process. The black products were washed repeatedly with deionized water and dried at 100 ºC in a vacuum oven overnight. The products were
designated MLG-1, MLG-2, and MLG-3, respectively (see Table 1).

The free-standing MLG-SWCNT composite films were fabricated through vacuum
filtration of a suspension of MLG-SWCNT composite. To synthesize the composite
material in situ, SWCNTs (purchased from Hipco™) and Triton X-100 were added to
de-ionized water and ultrasonicated for 2 h. After that, the suspension was mixed with
the as-prepared GO, which was then subjected to the same conditions and procedures
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as were applied in the synthesis of MLG (with 180 °C selected as the reaction
temperature). Before proceeding to the vacuum filtration, a poly(vinylidene) fluoride
(PVDF) membrane was wetted in a 50:50 v/v deionized water to ethanol solution for
30 minutes. The MLG-SWCNT composite suspension was then passed through the
wetted PVDF filter in a filtration cell under a positive pressure to produce a freestanding mat of the MLG-SWCNT composite. Subsequently, the resultant composite
mat was washed with de-ionized water and then peeled off from the PVDF filter after
drying overnight in a vacuum oven at 60 ºC. By using this method, three MLGSWCNT composite films were fabricated with MLG weight percentages of 30, 50,
and 70 wt%, which were designated as MLG-SWCNT-1, MLG-SWCNT-2, and
MLG-SWCNT-3, respectively (see Table 2).

2.2 Characterization: The products were characterized by using X-ray diffraction
(XRD; GBC MMA) with Cu Kα radiation, as well as field emission scanning electron
microscopy (FE-SEM; JEOL 7500) and transmission electron microscopy (TEM;
JEOL 2011 200 keV). TEM samples were prepared by dispersion of ground samples
onto holey carbon support film. Raman spectroscopy was conducted to further
investigate the materials, using a JOBIN YVON HR800 Confocal Raman system with
632.8 nm diode laser excitation on a 300 lines mm-1 grating at room temperature. The
conductivity measurements were performed on a JANDEL RM3 four-point probe
instrument. The as-prepared free-standing films were used to fabricate the electrodes,
using CR 2032 coin-type cells, which were assembled in an Ar-filled glove box
(Mbraun, Unilab, Germany) by stacking the anodes with a porous polypropylene
separator and a lithium foil counter and reference electrode. The electrolyte used was
1 M LiPF6 in a 50:50 (v/v) mixture of ethylene carbonate and dimethyl carbonate. The
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cells were galvanostatically discharged and charged within a voltage window of 0.013.0 V (vs. Li/Li+) at a current density of 30 mA g-1 and a temperature of 20 ºC. The
discharge capacities are based on the total amount of free-standing electrode. An
Ametek PARSTAT 2273 electrochemistry workstation was used to perform the
electrochemical impedance spectroscopy (EIS; ac amplitude 5 mV, frequency range
100 kHz – 0.01 Hz).

3. Results and Discussion
To investigate the morphology of the MLG synthesized at different reaction
temperatures, field emission scanning electron microscope (FESEM) images were
collected, as shown in Figure 1. The images reveal a curled morphology consisting of
rippled structures for each sample. Comparing Figure 1(a), (b), and (c), a trend
towards more nanosized thin wrinkled structures was observed when the reduction
temperature was increased. This phenomenon could possibly be due to the
minimization of surface energy [24]. Oxygen-containing functional groups on the GO
were reduced by hydrazine hydrate during the reaction. At higher temperature, this
reaction proceeds faster (e.g. MLG-3 at 180 ºC compared to MLG-1 at 120 ºC). GO
reduced at 180 ºC lost more oxygen-containing groups from its surface, which made it
less stable. Therefore, these surface-stress-induced strains led to the formation of the
observed wrinkled structures.

The rippled and crumpled structures of the MLG samples were further revealed by
high resolution TEM (HR-TEM), and the images are shown in Figure 2. The stacked
structure of the nanosheets in the cross-sections of MLG can be clearly observed.
Interestingly, the MLG prepared at the temperatures of 120, 150, and 180 °C showed
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a trend in average d-spacing values of 0.43, 0.40, and 0.36 nm, respectively. This
trend can be attributed to the degree of GO reduction, as the introduction of oxygencontaining functional groups (such as hydroxyl and epoxide) results in an increase in
the d-spacing of GO compared to graphite [25]. As mentioned previously, over a
range of reduction temperatures and pressures, GO can form a series of graphene–
graphene-oxide transition states. The types and quantities of the oxygen-containing
functional groups on the surface of the graphene can be varied. In the reaction,
elevating the temperature could make the reduction reaction proceed further, which
means that more oxygen-containing functional groups are lost from the surface of the
GO within a certain reaction time. Therefore, with fewer supporting oxygen groups on
their surfaces, the d-spacing of the graphene interlayers is decreased.

In the in-situ synthesis of the graphene–carbon-nanotube composites, the optimum
reduction temperature in the microwave autoclave reaction was determined to be 180
ºC. This was based on the following considerations. As mentioned in the introduction,
the arrangement of the graphene layered structure is crucial for its electrochemical
performance [19]. As a result, multi-layer graphene sheets with curled or wrinkled
morphologies are favourable during the fabrication of free-standing films. With such
morphologies, different arrangements of layers can be provided to prevent the multilayer graphene sheets from restacking, and the space between graphene layers is also
enlarged, so that the SWCNTs can be sandwiched into the layers more easily. On the
other hand, although the larger d-spacing of the MLG-1 sample (around 0.43 nm) may
be of benefit for the accommodation of lithium ions, the sample contains more
residual oxygen-containing groups, which will affect the electrochemical performance,
resulting in higher irreversible capacity due to the reaction between the oxygen-
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containing groups and the lithium ions [26,27]. Taking all the above factors into
consideration, 180 ºC was selected as the best reduction temperature for the in situ
synthesis of the composite.

Figure 3 shows FE-SEM images of the as-fabricated MLG-SWCNT free-standing
films synthesized at 180 ºC. Figure 3(a) presents a photograph of a typical freestanding film (MLG-SWCNT-3) fabricated by vacuum filtration, which is round in
shape and about 3.4 cm in diameter. The average thicknesses and mass densities of
the as-fabricated MLG-SWCNT samples are summarized in Table 2 for comparison.
It can obviously be found that with increasing graphene ratio from 30 to 70 wt% in
the composite, the thickness of the film is decreased from 115 to 78 µm, and the mass
density is increased from 0.336 to 0.495 g cc-1. Hence, it can be concluded that
graphene can be used to efficiently increase the mass density of the CNT films. Figure
3(b) and (c) shows top views of the composite films, and the amount of MLG is
clearly seen to increase upon increasing the MLG to SWCNT weight ratio from 3:7
(Figure 3(b)) to 7:3 (Figure 3(c)). A FE-SEM cross-sectional image of sample MLGCNT-3 is presented in Figure 3(d). It can be clearly seen that the SWCNTs are
uniformly wrapped on/in between the curled graphene sheets. An image that was
taken from a 45º view of the film (Figure 3(e)) delivers a further interpretation of such
morphology. The upper and lower halves of the image present the surface and the
cross-section of the composite film, respectively. It can be clearly observed that
carbon nanotubes are present at the broken edge, where the stacked graphene can also
be clearly identified. By using the 15-point Brunauer–Emmett–Teller (BET) N2
adsorption method, the specific surface areas of the as-prepared free-standing
composite samples MLG-SWCNT-1, MLG-SWCNT-2, and MLG-SWCNT-3 were
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measured to be 949.9, 655.8, and 524.5 m2 g-1, respectively. It is clear that the sample
with higher graphene content showed a relatively lower specific surface area value.
This may benefit the electrochemical performance by minifying the initial irreversible
capacity [28,29].

The X-ray diffraction (XRD) patterns obtained from MLG-3 and MLG-SWCNT-3
composite are presented in Figure 4, together with those of the as-prepared GO and
the pristine graphite. The diffraction peak around 26.4º for graphite (Figure 4(a)) has
completely disappeared in the graphite oxide pattern, and a broad peak has arisen at
2θ = 10.9º (Figure 4(b)), indicating the successful oxidation of raw graphite to
graphite oxide [30]. In Figure 4(c), the diffraction peaks at 2θ = 24.4º and 43.2º can
be attributed to graphite-like (002) and (100) structure, respectively [31,32]. By using
Bragg’s law, it can be calculated that the d-spacing for MLG-3 is 0.364 nm (2θ =
24.4º), which is larger than that for the pristine graphite (0.335 nm). This value
matches very well with the average d-spacing measured from HR-TEM that is shown
in Figure 2(b). Interestingly, calculations showed that the d-spacing for MLGSWCNT-3 composite (Figure 4(d)) would be as high as 0.407 nm (2θ = 21.8º). This
may be because during the in situ reduction process, the SWCNTs could embed
themselves into the graphene oxide layers and thus enlarge the interlayer spacing of
the multi-layer graphene sheets [33].

The MLG-SWCNT-3 sample was also investigated by TEM and HR-TEM imaging.
Figure 5(a) reveals that the sample is composed of carbon nanotubes embedded in
crumpled graphene sheets. The inset selected area electron diffraction pattern
obtained from the dotted circled region reveals reflections consistent with the
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presence of both graphene and CNTs with larger d-spacing. HR-TEM of the parallel
fringes associated with graphene (Figure 5(b)) indicated d-spacings of around 0.41 nm,
consistent with the results obtained by XRD (0.407 nm). XRD provides information
on average d-spacing, while the TEM images only illustrate a small area of the sample,
and local variations in the graphene d-spacings are expected. Furthermore, because
200 keV electrons are known to result in some damage to the graphene morphology,
the d-spacing measurements obtained in both this Figure and Figure 2 can at best be
seen as semiquantitative.

To further study the as-prepared samples, Raman spectroscopy was performed, and
the spectra are shown in Figure 6. From Figure 6(a), the intensities of the D and G
bands of each spectrum (at 1330 cm−1 and 1580 cm−1, respectively) can be measured
as ID and IG, respectively. The ID/IG values for the MLG-1, MLG-2, and MLG-3
samples were calculated as 1.90, 1.86, and 1.70, respectively. It is obvious that ID/IG
decreases with increasing reaction temperature. The decrease in the ID/IG ratio is
ascribed to the decrease in the number and/or the size of sp2 clusters [34]. In the
experiment, the oxygen functional groups in the GO sheets were removed by the
chemical reduction, and the size of the conjugated G network (sp2 carbon) that was reestablished was smaller than the original one. Therefore, the ID/IG ratio can be a good
measure of the degree of reaction, which further proves that the reduction proceeds
further with increasing reaction temperature. In Figure 6(b), which was obtained from
the composite sample MLG-SWCNT-3, all the Raman features typical of CNTs are
observed: the tangential modes (G-band) with the G- and G+ parts at 1554 cm-1 and
1593 cm-1, respectively, the D-band at ~1306 cm-1, and the radial breathing mode
(RBM) band in the lower frequency range below 290 cm-1.
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To investigate the electrochemical performance of the free-standing electrodes,
Nyquist plots for electrodes made of pure SWCNTs and MLG-SWCNT composites
after 5 cycles were compared, as shown in Figure 7. To maintain uniformity,
electrochemical impedance spectroscopy (EIS) was performed on the working
electrodes in the fully charged state. All the plots display a semicircular loop in the
high to medium frequency region and a sloped line in the low-frequency region.
According to the results obtained, an equivalent circuit, shown as the inset in Figure 8,
was proposed to fit the impedance spectra, which includes the electrolyte resistance
(Rs), a constant phase element (CPE), the charge transfer resistance (Rct), and the
Warburg impedance (Zw). The intercept on the Z real axis in the high frequency
region corresponds to the resistance of the electrolyte (Rs). The diameter of the
semicircle gives the charge-transfer resistance (Rct), which is related to the charge
transfer through the electrode/electrolyte interface. The inclined line in the low
frequency region represents the Warburg impedance (Zw), which is associated with
the solid-state diffusion of Li ions in the electrode materials [ 35, 36]. It can be
observed in the Figure that the diameter of the semicircle decreases with higher
graphene content in the film electrode. Therefore, it can be assumed that the
interparticle resistance of the electrode is suppressed by the addition of graphene, and
consequently, the composite film made with 70 wt% graphene (MLG-SWCNT-3) has
the lowest charge-transfer resistance. By using a four-point probe instrument, the
conductivity of MLG-SWCNT-1, MLG-SWCNT-1, and MLG-SWCNT-3 were
measured to be 39.1, 74.6, and 114.5 S cm-1, respectively. This result further proves
that with higher graphene content, the composite shows improved conductivity.

12

Figure 8(a) presents the discharge and charge curves for the 1st and 50th cycles for the
pure SWCNT, MLG-SWCNT-1, and MLG-SWCNT-3 electrodes. It can be observed
that the first discharge capacities of the three electrodes were 1109, 980, and 950 mAh
g-1, while the first charge capacities were 204, 219, and 293 mAh g-1, respectively.
The first cycle coulombic efficiencies for the electrodes made from SWCNTs, MLGSWCNT-1, and MLG-SWCNT-3 were calculated as 18.4%, 22.3%, and 30.8%,
respectively. The low coulombic efficiency is due to the large irreversible capacities
in the initial cycle. The results demonstrated that the sample with lower graphene
content exhibited larger initial irreversible capacity. This phenomenon matches the
BET results very well and could be possibly owing to the larger specific surface area
which led to the irreversible formation of more solid electrolyte interphase (SEI)
layers [28,29]. To identify all of the electrochemical reactions in the initial cycle,
cyclic voltammetry (CV) was conducted on the cells with MLG-SWCNT-1 and
MLG-SWCNT-3, respectively, at ambient temperature in the 0.0-3.0 V range and a
scan rate of 0.1 mV s-1 (Figure 8(b)). Li metal was used as the counter and reference
electrode. It is obvious that a peak is observed at 0.62 V for both of the curves, which
can be attributed to the irreversible formation of solid electrolyte interface (SEI) layer
[XXX]. It is also noticeable on MLG-SWCNT-1 figure that there are two peaks in the
cathodic process at 1.11 V and 1.59 V, respectively, which represents the irreversible
reaction with the surface functional groups [XXX]. Figure 8(c) shows a comparison
of the cycling behaviour of the three samples. In the 50th cycle, a reversible charge
capacity of about 187 mAh g-1 is observed for the electrode made of pure SWCNTs,
which is 91.7% of the capacity in the 1st charge. In comparison, the electrode made
from MLG-SWCNT-3 shows the highest reversible charge capacity of 303 mAh g-1
after 50 cycles without any fading. It is also noticeable in the first 10 cycles that the
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coulombic efficiency of the MLG-SWCNT-3 sample is also among the best. The
capacity density shown in Table 2 yields a further interpretation of the
electrochemical performance of the free-standing electrodes. It can be obviously
found that the capacity density of MLG-SWCNT-3 is over 80% higher than that of the
MLG-SWCNT-1 sample.

To further characterize the nanostructure change of the free-standing electrode before
and after cycling, a morphological study was conducted on the MLG-SWCNT-3
electrode after 50 cycles and the SEM images are shown in Figure 9. Comparing to
the free-standing electrode before cycling (see Figure 3(c-e)), it retained a similar
surface morphology and no obvious crack can be found. From the enlarged image
shown in Figure 9(b), SWCNTs and graphene sheets can be clearly identified from
the sandwiched structure. This is a solid evidence to demonstrate the structural
stability of the MLG-SWCNT-3 electrode, and this is also one of the reasons why
good cycling behaviour was observed.

The improvements in the physical and electrochemical performance can be attributed
to 1) the expansion in the d-spacing of the composite material, which may deliver
additional sites for accommodation of lithium ions [33]; 2) the improved electronic
conductivity of the composite electrodes contributed by the graphene conductive
matrix [20]; and 3) the increased mass density, which could be another important
reason. Based on the above results, it can be concluded that the MLG-SWCNT
composite film with 70 wt% graphene content has the most outstanding
electrochemical performance in terms of cycling stability and capacity density. Using
the free-standing MLG-SWCNT composite anode for coupling with a promising free-
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standing cathode for assembly of the whole bendable cell will be demonstrated in our
future work.

4. Conclusions
Multi-layer graphene sheets were synthesized by using a time-efficient microwave
autoclave method at different reaction temperatures. The optimised graphene powder
was selected to form a composite in situ with single-walled carbon nanotubes to
fabricate flexible free-standing films. The free-standing composite film with 70 wt%
graphene exhibited the lowest charge transfer resistance and the highest charge
capacity of about 303 mAh g-1 after 50 cycles. The good Li cycling performance can
be attributed to 1) the improved electronic conductivity of the electrodes due to the
higher mass density and reduced thickness of the electrode; 2) sufficient ionic
conductivity contributed by the unique sandwich structure with efficient conductive
paths; and 3) the enlarged average d-spacing, which contributes additional sites for
the accommodation of lithium ions.
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Table 1. Preparation conditions and physical properties of the synthesized multi-layer
graphene sheets.
Sample name
(pure graphene)
MLG-1

Synthesis temperature
(ºC)
120

Reaction time
(min)
5

d-space value
(nm)
0.43

MLG-2

150

5

0.40

MLG-3

180

5

0.36

Table 2. Physical properties of multi-layer graphene sheet–single-walled carbon
nanotube composite films.
Sample name
(composite film)
MLG-SWCNT-1

MLG ratio in
Film thickness
composite (wt%) (µm)
30
115

Density
(g/cc)
0.336

Capacity density at
2nd cycle (mAh/cc)
90.72

MLG-SWCNT-2

50

95

0.406

113.68

MLG-SWCNT-3

70

78

0.495

163.35
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Figure 1. FE-SEM images of the graphene synthesized by microwave autoclave at the
reaction temperatures of (a) 120 ºC, (b) 150 ºC, and (c) 180 ºC.
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Figure 2. HR-TEM images of multi-layer graphene sheets synthesized using a
microwave autoclave method at the reaction temperatures of (a) 120 ºC, (b) 150 ºC,
and (c) 180 ºC. The average interlayer d-spacings were estimated from measurements
of sets of approximately parallel fringes, as indicated on the figure panels.
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Figure 3. (a) Photograph of MLG-SWCNT-3 film; FE-SEM images of MLGSWCNT composite films, with the ratio of graphene content (b) 30 wt%, and (c) 70
wt%; (d) and (e) cross-sectional FE-SEM images of MLG-SWCNT-3 film.
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Figure 4. X-ray diffraction patterns for the as-prepared (a) graphite, (b) graphite
oxide, (c) MLG synthesized at 180 °C, and (d) MLG-SWCNT with graphene content
of 70 wt%.

21.8o
(d) MLG-SWCNT-3

Intensity (a.u.)

24.4o
(c) MLG-3
o

10.9

(b) Graphite oxide

(a) Graphite
10

20

30

40

2θ (degree)

20

50

60

70

Figure 5. MLG-SWCNT-3: (a) bright field TEM image and selected area electron
diffraction pattern (inset) obtained from circled region located over hole in carbon
support film, (b) HR-TEM image of graphene region with indicated d-spacing
obtained by averaging spacings between marked parallel fringes.
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Figure 6. Raman spectra of (a) MLG, and (b) MLG-SWCNT-3 composite materials.
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2000

Figure 7. Impedance plots for free-standing electrodes made from pure SWCNTs and
MLG-SWCNT composites. The inset is the equivalent circuit used to interpret the
data.
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Figure 8. (a) Discharge and charge curves for selected cycles for SWCNT and MLGSWCNT composite electrodes; (b) voltammogram of MLG-SWCNT-3 at a scan rate
of 0.1 mV s-1; (c) cycling behaviour of electrodes made from pure SWCNT film,
composite film with 30% MLG (MLG-SWCNT-1), and composite film with 70%
MLG (MLG-SWCNT-3) at a current density of 30 mA g-1;
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